Introduction
Perma nent magnet AC synchronous mOlors are used with preference for applications in high performance positioning systems and machine 1001 spindle drives because of their atlractive characteristics in such categories as power density, torque-Ie-inertia ratio, and electrical efficiency. There are two classes of PMAC motor drives w hich ca n be characterized by the shapes of their respective back· EMF waveforms: sinusoidal and trapezoidal. Under ideal ized conditions, each of these two types of PMAC drives is capable of delivering perfectly smooth instantaneous torque waveforms. In sinusoidal PMAC motor drives, both the motor back· EMF and the current excitation waveforms are perfectly sinusoidal for ideally smooth torque generation. Sinu· soidal bdck·EMF waveforms require a sinusoidal flux density distribution around the airgap. Sinusoidal phase currents are typic.:llIy developed using a current-regulated inverter that requires individual phase curren t sensors and a high·resol ution rotor poSition sensor to maintain accurate synchronization of the excitation waveforms wit h the rotor angular position at every time instant. Any source of non· ideal properties which causes eit her the phase currents or the b.lCk-EMF waveforms to diverge from thei r purely sinusoidal shapes wi ll typically give ri se to undesired pulsating torque components. In general the inverter contributes to the torque ripple owing to time harmonics in the current wave form s, and to t ime-varying delays between t he commanded and the actual currents.
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Trapezoidal PMAC motor drives, also known as bru sh less DC drives. exhibit some notable distinctions from their sinusoidal counterparts. Excitation waveforms for BLDC motors take the form of square·wave current waveforms. The nature of the excitation waveforms permits some important system simpl ifications compared [Q sinusoidal PMAC machines. In particular. the resolution requ irements fo r t he rotor posit ion sensor are much lower w ith BLDC motors since only six commutation instants per electrical cycle must be sensed. In addition. the BLOC motor drive only requires a single current sensor i n the invert er DC link. In fa ct. it is the simplicity of the BLOC motor drive that is re sponsible for ca using an additional source of ripple torque commonly known as commu tation torque to develop (Carlson, LajoieMazenc, & Fagundes. 1992 : Sail, Acamley. & Jack. 1995 . The commUlation torque, as sketched in Fig. I , takes the form of torque spi kes or dips which are generat ed at each discrete t ime instant w hen any of the square-wave current excitation waveforms change levels. This ripple torque is caused by the combination of nonzero phase inductances and finite inverter DC voltage w hich prevents the phase current excitation waveforms from changing levels instantaneou sly.
The effecls of torque ripple are particularly undesi rable in some demandi ng motion control and machine tool applicat ions. They lead to speed osci llations which cause deterioration in t he performance. [n addition. the torque ripple may excite resonances in the mechanical portion of the drive sys tem. produce acoustic noise, and, in machine tool applications, leave visible patterns in high-precision machined surfaces. Given the importance of torque smoothness in many PMAC motor drive applications, a w ide variety of techniques have been proposed for minimizi ng the generation of pulsating torque components. Broadly speaking, In low-speed operation In high-speed operation these techniques fall into two major categories. The first class consists of techniques for adjusting the PMAC motor design in such a way to drive it toward ideal characteristics for achieving smooth torque production (Jahns & Soong, 1996; Holtz & Spring ob, 1996) . Despite the wide range of motor design techniques that are available for reducing ripple torque components, there are many occasions when they are not either sufficient or appropriate to achieve the required minimization of these pulsating torques during motor operation. The second class of techniques for minimizing pulsating torque are based on active control schemes which modify the excitation to correct for any of the non-ideal characteristics of the motor, or its associated power inverter. One of the most popular approaches for actively controlling the ripple torques is to use programmed excitation waveforms for the phase currents (Berendesen, Champenois, & Bolopion, 1993; Kim, Ahn, & Hyun, 2001 ) to cancel the pulsating torque components. The individual phase current command waveforms are programmed as predetermined functions of the torque command and angular position to generate the desired average torque while canceling the pulsating torque components. The impact of the this approach on sinusoidal PMAC motor drives is relatively modest since the sinusoidal drive already requires that each of the phase currents be individually controlled as a function of torque command and rotor angle. In contrast, the impact of this scheme on the BLDC motor drive is far more significant. The rotor position sensors (often Hall sensors) which deliver the required commutation instant information must now be replaced by an encoder or a resolver to provide the necessary increased resolution in the rotor position feedback. Furthermore, the single current sensor located in the DC current link requires replacement by multiple current sensors to sense each of the individual phase currents. On the other hand, a significant variety of techniques for reducing commutation torque ripple have been proposed (Chung, Zhu, Lee, Lee, & Cho, 2007; Kang, Kim, Mok, & Cheo, 2001; Lee, Park, Yeo, & Yoo, 1998; Liu, Zhu, & Howe, 2007; Lu, Zhang, & Qu, 2008; Murai, Kawase, Ohashi, Nagatake, & Okuyama, 1989; Song & Choy, 2004) . Murai et al. (1989) introduced two different techniques for reducing the effects of commutation torque dips at elevated motor speeds. Since torque dips are caused by delays in building up current in the next on-going phase before the current in the off-going phase has decayed to zero, both techniques attempt to remedy this delay by giving the on-going phase a head start in its current build-up. The second torque dip attenuation technique introduces PWM excitation pulses during the intervals when each motor phase would normally be unexcited. This has the effect of allowing current to flow simultaneously in all three motor phases, allowing current to gradually build up in each sequential on-going motor phase during high-speed operation. While effective in reducing the speed ripple caused by commutation torque dips, both of these attenuation techniques suffer from the fact that they are open-loop in nature, requiring customized tuning for each set of motor parameters. Lu et al. (2008) introduced a new torque control method to attenuate torque ripple of BLDC motors with un-ideal back EMF waveforms. The action time of pulses are calculated regarding actual back EMF waveforms and the influence of finite dc bus supply voltage is considered in the commutation period. In the experiments two current sensors and one voltage sensor are used. And DSP TMS320F240 is used to make the torque feedback follow the torque reference. Despite the expanding number of techniques that have been reported to date for minimizing pulsating torque production in BLDC motor drive, no practical and cost-effective solution has yet appeared for applications. In this paper, a compensation technique for reducing the commutation torque ripple in highperformance BLDC motor drives is proposed. In industrial sewing machine, the BLDC motor drives are widely used because of the cost reduction features, but the torque ripple leads to speed oscillations which cause deterioration in the performance and may excite resonances in the mechanical portion of the drive system, produce acoustic noise. With simple hardware implementation the proposed method is applied to the spindle motor drives for industrial sewing machines.
Compensation for the commutation torque ripple
The BLDC motor drive inverter uses a single current sensor in the DC link to regulate the current flowing through two motor phases in series, as shown in Fig. 2 . This current regulation scheme works well except during the commutation intervals when the inverter link current is being shifted between adjacent motor phases. Current temporarily flows in all three motor phases simultaneously during these intervals until the current in the off-going phase decays to zero. The single current sensor cannot simultaneously regulate all three phase currents during these transition intervals, and this temporary loss of complete current control gives rise to commutation torque ripple during each current transfer interval. The commutation torque takes the form of torque spikes or dips which are generated at each discrete time instant when any of the square-wave current excitation waveforms change levels. Fig. 1(a) shows an example of the three phase current waveforms along with the instantaneous torque waveform during low-speed operation when the phase current is being transferred from phase A (the off-going phase) to phase B (the on-going phase). A current spike temporarily develops in the phase C. Fig. 1(b) shows a current dip developed in the phase C during high-speed operation. The torque dips are caused by delays in building up current in the next on-going phase before the current in the off-going phase has decayed to zero. These current spikes and dips imposed on the phase C can be minimized by using the method described in the proceeding section.
Control strategy for torque ripple reduction in low-speed operation
The analysis in this paper is based on the model shown in Fig. 2 . The model represents the condition of current flowing in all three motor phases at commutation. At all other times only two phases are conducting. The representation of these conditions is accomplished by incorporating switching states into the model. Fig. 2 shows the current paths and the equivalent circuit of BLDC motor drive when the switch Q1 and Q2 are turned on. In this case, the line-voltage equation is given by
where V s is the inverter DC-link voltage, R is the phase resistance, L is the phase inductance, e a , e b , e c , are the back electromotive forces (EMF) for phase A, B, C, i a , i b , i c are the currents for phase A, B, C, V NNO is the voltage between the neutral points of the inverter and the motor. In unipolar PWM strategy, the switch Q1 is turned off while Q2 remains turned on, as shown in Fig. 3 . In this case, the line-voltage equation is given by From Eqs. (2) and (4), the average voltage of the non commutated phase during commutation interval is given by
where d b is the PWM duty ratio in commutation period, and it is assumed that the back EMF e a and e b maintain the value of e and e c holds at -e. And the voltage of the non-commutated phase during the non-commutation interval is given by
where d a is the PWM duty ratio. Therefore, the average voltage of the off-going phase during the commutation interval is given by
Therefore, the voltage equation of the off-going phase during the commutation interval is given by
By solving the differential equation, the commutation time interval is given by
where i p is the initial value of the off-going phase current. The voltage equation of the on-going phase during the commutation interval is given by
Thus, the commutation time interval at on-going phase (
To reduce the torque ripple during the commutation interval in low-speed operation, as shown in Fig. 1(a) , a method to slow down the rising time of the on-going phase current can be a desirable technique to equalize the mismatched times of two commutated phase currents. Therefore, it is needed that the voltage of the non-commutated phase maintains constant during the non-commutation and commutation intervals for the phase current to maintain constant. From (5) and (6), the resultant duty ratio is given by
By applying the duty ratio of Eq. (12) to the on-going phase instead of d a during the commutation interval, the rising time of the on-going phase current can be slowed down.
Control strategy for torque ripple reduction in high-speed operation
In high-speed operation, as shown in Fig. 1(b) , the on-going phase current is delayed in building up before the current in the off-going phase has decayed to zero. From (9) and (11), the condition that the commutation time of off-going phase is equal to that of on-going phase is given by
In speed region that exceeds (13), the two equations cannot be equal even if d b is equal to 1.0 (the maximum output of the inverter). Therefore, the other approach to compensate for the torque ripple is needed. A method to slow down the falling time of the off-going phase current becomes a desirable strategy to equalize the mismatched commutation times of the two commutated phase currents. To increase the off-going phase current, the switch Q3 is turned on during the commutation interval, as shown in Fig. 4 . In this case, the line-voltage equation is given by
As shown in Fig. 5 , when the switch Q3 is turned off, the linevoltage equation is given by
where d f is the PWM duty ratio in off-going phase during the commutation period. Similarly, the voltage equation of the on going phase during the commutation interval is given by
From (18) and (19), the commutation time intervals of offgoing phase and on-going phase are given by
The PWM duty ratio to satisfy the condition that (20) is equal to (21) is given by
To compensate the torque ripple in high-speed region Q1 current.
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The compensation technique of the commutation torque ripple in low and high speed regions are described. However, the problem is how to calculate the commutation time intervals of (9) and (21) within the sampling period with the simple and cost-effective hardware such as one-chip microprocessors. In low-speed operation, the commutation time interval (t f ) is the function of the back EMF (e), the PWM duty ratio (d b ), and the initial current (i p ), as described in (9). Fig. 6 shows the relation between the commutation time and these motor parameters. Given the desired speed and the PWM duty ratio the commutation time is determined by using the two dimensional lookup table shown in Fig. 7 , where the initial current is 12 [A], the current limit of the given motor. Then, the final x 10 -3 6 commutation time is calculated from the linear relation between the commutation time and the initial current.
In high-speed operation, the commutation time is the function of the initial current (I p ), the back EMF (e), and the duty ratio (d f ), as described in (21). The PWM duty ratio of the off-going phase current is calculated by using (22). Then, the commutation time is determined from the two dimensional lookup table shown in Fig. 8 .
For practical applications the proposed torque ripple reduction method can be combined with the speed controller for the BLDC motor, as shown in Fig. 9 . For speed control the PI type controller is used. The PWM duty ratios of (12) and (22) are applied to the inverter.
Experimental results
To verify the feasibility of the propose method, experiments are carried out. Fig. 10 shows the experimental setup used. The parameters of the motor used in experiments are given in Table 1 .
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For these experiments, a 16-bit microprocessor (16C80, Mitsubishi) is used for the controller. Step response for the proposed speed controller.
off-going phase to slow down the falling time of the phase current. From these figures, it is noted that commutation torque ripples are effectively suppressed over the entire speed range with the proposed technique.
Figs. 16 and 17 show the experimental results of speed control combined with the proposed current ripple reduction method. In these figures, the resulting velocity profiles were very close to the reference signals. The step response had a rise time of 250 ms. With the experimental results, the proposed method demonstrates the effectiveness for a control system using the BLDC motors that requires high speed and accuracy.
Conclusion
This paper has proposed a compensation technique for reducing the commutation torque ripple in high-performance BLDC motor drives. The idea is to equalize the mismatched times of two commutated phase currents during the commutation intervals. In low-speed operation, a method to slow down the rising time of the on-going phase current can be a desirable technique. In high-speed operation, a method to slow down the falling time of the off-going phase current becomes a desirable strategy. However, it is not easy to implement the proposed strategies by using cost-effective one-chip microprocessors because it is needed to calculate the commutation time intervals within the sampling period in low and high speed operation. Instead of calculating the commutation time intervals, two dimensional lookup tables that describe the relation of the commutation time interval and the motor parameters such as the back EMF and the initial motor current, are used. For the experiments, a 16-bit microprocessor was used for the controller. Additionally a CPLD (1600 gates) was used to generate gate signals of the inverter and the commutation time signals. To verify the feasibility of the propose method, it is applied to the spindle motor drive control for the industrial sewing machines. The effects of torque ripple are particularly undesirable in the industrial sewing machines. They lead to speed oscillations which cause deterioration in the performance. In addition, the torque ripple may excite resonances in the mechanical portion of the drive system, produce acoustic noise. With the experimental results, the proposed method demonstrates the effectiveness for a high-performance control system using the BLDC motors that requires high speed and accuracy.
